To measure sleep duration in 7-year-old children; identify the determinants of sleep duration; and assess the association between short sleep duration and obesity, cognitive functioning, and behaviour. design: Longitudinal study with disproportionate sampling of the participants. Setting: Community. participants: 591 seven-year-old children, of whom 519 had complete sleep data. interventions: Not applicable. Measurements: Sleep duration was assessed by actigraphy. Other measurements included height, weight, BMI, percentage body fat as assessed by bioimpedance assay, intelligence (WISC-III) and behaviour (Strengths & Difficulties questionnaire, parent and teachers Conners Rating Scales). Results: Mean time in bed according to parental report was 10.9 hours (SD 0.8). Mean sleep duration by actigraphy was 10.1 (SD 0.8) hours. In multivariable analysis, sleep duration was longer on weekdays vs. weekend nights (31.5 min, P = 0.002), in winter (40.5 min), autumn (31.1 min), and spring (14.8 min) compared with summer (P <0.0001), and in those with younger siblings (11.7 min, P = 0.03). Sleep duration was shorter when bedtime was after 21:00 (-41.1 min, P <0.0001). In multivariable analysis, sleep duration <9 hours was associated with being overweight/ obese (BMI: OR = 3.32; 95% CI = 1.40, 7.87) with an increase of 3.34% body fat (P = 0.03), and this was not explained by physical activity or television watching. Short sleep duration was also associated with higher emotional lability scores (Conners Rating Scale Parent Form; P = 0.03). IQ (WISC-III) and attention deficit / hyperactivity disorder scores (both parent and teachers Conners Rating Scales) did not differ with sleep duration. conclusions: Sleep duration in 7-year-old children varies considerably among individuals. The duration is affected by weekday, season, and having younger siblings. Importantly, short sleep duration was shown to be an independent risk factor for obesity/overweight.
Sleep in infancy and childhood
received little attention in community-based studies of children.
In addition to the adverse effects of inadequate sleep on mood and cognitive function, several authors have recently demonstrated an association between reduced sleep and obesity in both adults and children. [8] [9] [10] [11] [12] It is thought that this relationship may be mediated via changes in the levels of some of the neuropeptides that regulate appetite. 12 Specifically, sleep restriction leads to increased levels of ghrelin from the stomach and reduced leptin release from adipocytes, changes that stimulate appetite. However, little research has focused on what role environmental or behavioral factors such as daily exercise might play in the relationship between obesity and sleep duration.
Our study has gathered detailed daytime activity and sleep data from a large cohort of children recruited at birth. The aims of this study were: (1) to determine sleep duration by objective means and compare that to parent-reported time in bed; (2) to identify the determinants of sleep duration, and; (3) to assess the association between short sleep duration and obesity, cognitive functioning, behavior, activity, and blood pressure. We hypothesised that sleep duration is affected by environmental factors, and that short sleep duration, measured in a child's home environment, is associated with measurable adverse effects on health (obesity and blood pressure) and well-being (cognition and behavior) compared to children with longer sleep duration. Furthermore inTRodUcTion AN ADEQUATE AMOUNT OF GOOD QUALITY SLEEP IS IMPORTANT FOR OPTIMAL HEALTH AND FUNCTION-ING THROUGHOUT LIFE. NORMAL RANGES FOR SLEEP duration in childhood have been published from several parts of the world; [1] [2] [3] however, this has mostly been assessed by parental reports rather than objective measures. In adults, reduced sleep duration and sleep disturbance have been demonstrated to be associated with cognitive deficits and mood disturbance. 4 There is mounting evidence of the same kind of effects in children. [5] [6] [7] However, within any population there is a wide range of sleep duration, and the potential consequences of reduced sleep have we hypothesised that the relationship between sleep duration and obesity is mediated by levels of daytime activity.
MeThodS overview of the auckland Birthweight collaborative (aBc) Study
This study forms part of a larger longitudinal study, the ABC study, originally designed to study differences between healthy term infants who were born at an appropriate weight for gestational age (AGA) and those who were small for gestational age (SGA). 13, 14 Between 16 October 1995 and 12 August 1996, babies born and resident in the Waitemata Health or Auckland Healthcare regions were eligible for inclusion, and from 12 August 1996 to 30 November 1997 babies born in the Auckland Healthcare region were eligible to participate. All SGA infants and a random sample of AGA infants were selected. SGA was defined as equal to or below the sex-specific 10 th percentile for gestational age in the New Zealand population. AGA babies weighed greater than the 10 th percentile. Preterm infants (<37 completed weeks of gestation), multiple births, and those with congenital abnormalities were excluded.
Variables/data collection
The longitudinal study has involved 4 phases, of which the most recent, including the sleep data, was collected at age 7 years:
Phase 1 (birth): Mothers were interviewed in the week following delivery. Data collected included pregnancy and obstetric history (gestation, primiparity, smoking during pregnancy), family history, and sociodemographic (socioeconomic status, age that mother left school, marital status) and infant (gender) variables. Socioeconomic status was defined at birth using the higher of the parents' occupations and classified according to the Elley-Irving scale. 15 Maternal weight before pregnancy and height were provided by the women by self-recall.
Phase 2 (12 months old): Parents were posted a questionnaire including data on growth, development, social/family/ home environment, and health. Phase 3 (3.5 years of age): Children attended the Children's Research Centre at Starship Children's Hospital for assessment of growth, development, home environment, respiratory symptoms, and atopic symptoms.
Phase 4 (7 years of age): The parents were interviewed and data collected in relation to sociodemographic (maternal smoking, marital status), family circumstances (older and younger siblings), allergic disease (wheeze, rhinitis, eczema), childhood environment (sharing a bedroom, day of week, school holidays, season), activity. The parents were asked 3 questions relating to activity:
(1) "Compared with other children, does your child run around outside?" Possible responses were "A lot," "the same," or "less." (2) "How many times a week does your child engage in vigorous physical activity long enough to make him/her breathe hard?" Possible responses were "Never" or "occasionally," "once or twice a week," "three or more times a week." (3) "During a normal week, how many hours a day (24 hours) does your child watch television?" Possible responses were "<1," "1-3," or ">3 hours."
In addition activity was also assessed objectively by accelerometer as described below.
Height and weight were measured and body mass index (BMI) calculated by the standard formula BMI = weight (kg)/ (height (m). Internationally referenced gender-specific BMI cut-offs for defining obesity and overweight in childhood were used. 16 Bioelectrical impedance analysis was performed to assess body composition using a BIM4 machine (Impedimed Pty Ltd, Australia). Leads were attached to each child's wrists and ankles when he or she was lying down (after voiding the bladder). Resistance, reactance, and impedance were recorded, and from these fat free mass was calculated as Respiratory and atopic symptoms were assessed using the International Study of Asthma and Allergy in Childhood (ISAAC) questionnaires. 18 Eczema was defined using the U.K. Working Party's diagnostic criteria for atopic dermatitis. 19, 20 Season was defined by months, with December to February being defined as summer, June-August as winter, and spring and autumn the appropriate 3-month periods in between. School terms in New Zealand have Ministry of Education defined dates, and these dates were used to define school holidays.
Intelligence was measured by trained psychologists using the Wechsler Intelligence Scale for Children -Third Edition (WISC-III). 21 Behavior was assessed by the Strengths & Difficulties Questionnaire 22 and Conners teacher and parent rating scales. 23 The presence of sleep problems was evaluated using the Children's Sleep Habits Questionnaire (CSHQ), 24 including a question on whether the parent felt that the child usually, sometimes, or rarely got enough sleep, and a subscale assessing excessive daytime sleepiness.
Blood pressure was measured using a Dinamap and a cuff appropriate for arm circumference. Blood pressure was taken 3 times with the child in a lying position with the head slightly raised on a pillow, after 5 minutes at rest in that position. Blood pressure measurements that differed from the others by ≥10 mm Hg were excluded, and the average of the valid readings (usually 3) was used for the analysis.
In addition, children had 24-hour body movements recorded using actigraphy (details below).
actigraphy
Actigraphy is a noninvasive method used to study sleep-wake patterns and circadian rhythms by assessing movement. Each subject wore an actigraph (MTI accelerometer, Manufacturing Technology Inc, Fort Walton Beach, FL, USA) on the right side of the waist for a continuous 24-hour period beginning at 09:00 on the day before attending the study centre for the other assessments. In a small number of cases, the monitor was worn on the day after the visit when there was not time to deliver the monitor to the child's home (when appointments were made or changed at short notice), or the parent forgot to use the monitor on the correct day.
Data were collected by the actigraph in 1-sec epochs, stored in the internal memory of the device and then downloaded to a computer. Actigraphic files were imported into SAS version 9.1 for Windows (SAS institute, Cary, NC, USA) and converted to 1-min epochs. Epochs of sleep were defined using a validated algorithm (see below). 25 Parents completed a diary on the day the actigraphy was performed, including what time the child went to bed and rose in the morning. They were also asked to document any periods where the actigraph was taken off the child, such as for a bath. The analysis period for the sleep data presented here (the scoring interval) included the period from the bedtime to the rise time as given in the diary, as recommended by the American Academy of Sleep Medicine. 26 Analysis of actigraphy data required a complete collection of data throughout the night (i.e., no time with monitor off or missing data within the scoring interval).
Sleep onset time was defined as the first of 3 consecutive min of sleep in the scoring interval after the reported bedtime. 27 Sleep end time was defined as the time of the last of 5 consecutive min of sleep prior to the reported rise time. 27 Sleep period time (sleep duration) was the time from sleep onset to sleep end time.
Analysis of actigraphy data required a reasonable correspondence between the parent-completed diary (detailing bedtime and rise time) and the actigraphic data. To allow for small inaccuracies in parent-reported times, a window of 30 min before the parent-reported bedtime and after the rise time was visually inspected. 27 In cases where the child was asleep by actigraphic criteria at the reported bedtime and sleep continued unbroken beyond the bedtime (n = 5), sleep latency was defined as zero if sleep onset was within 30 min of the bedtime. Likewise, if the child had unbroken sleep beyond the reported rise time (n = 1), sleep end time was defined up to 30 min after the reported rise time. If the diary times differed from the actigraphic times by >30 min, the child was omitted from further analyses (n=3, included in exclusions detailed in Results section).
The activity variables derived from actigraphy estimated the total physical activity counts, mean activity counts, and minutes of sedentary, moderate, and vigorous activity during waking hours. The cut-offs used for sedentary, moderate, and vigorous activity were those previously defined using the same actigraph (MTI accelerometer).
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Subject participation
The study at 7 years was restricted from the original birth cohort to children of European mothers, because of the poor response rate of non-European participants at previous phases. There were 871 infants born to mothers who identified as European, of whom 385 (44.2%) were SGA and 486 were AGA. Participants were significantly more likely to have had a tertiary education, to be married, to have higher socioeconomic status, not to have smoked in pregnancy, and to have been older than those who did not continue to participate in the study.
Of the 871 European babies enrolled at birth, 744 (85.4%) participated at 1 year, 550 (63.2%) at 3.5 years and 591 (67.9%) at 7 years of age. There were 241 (40.8%) participants at 7 who were born SGA and 350 who were born AGA.
Statistical analysis
Sleep duration was analyzed using techniques that included weighting for each subject based on the disproportionate sampling of SGA infants at birth. The analysis was carried out using proc surveyreg in SAS v9.1 (SAS Institute Inc., Cary, NC, USA). The SURVEYREG procedure performs regression analysis for sample survey data. This procedure can handle complex survey sample designs, including designs with stratification, clustering, and unequal weighting. Results are reported as the change in sleep duration in minutes for each group from the baseline group. A multivariable regression was constructed including the variables that were significant at the 10% level in the univariate analysis (listed in Table 1 ) except for the actigraphy variables (total and mean counts), and then variables were removed in a stepwise manner until all variables remaining in the model remained statistically significant at the 5% level. The activity variables were added individually to this multivariate model.
To determine the effect of short sleep duration on comorbidities, sleep duration was dichotomized into <9 h vs ≥9 h. This was chosen because 9 hours is close to the 10 th centile of the distribution of sleep duration in our study, and reflects a clinically important degree of sleep restriction in this age group. For categorical variables, odds ratios (OR) were calculated to determine the increase in risk of comorbidity amongst short sleep sleepers. For continuous variables the differences were estimated continuously. Analysis was carried out in proc surveylogistic and proc surveyreg of SAS v9.1. For percentage body fat, a further multivariate model was fitted to control for variables we have shown to be independently associated with PBF in this group of children (maternal BMI, maternal age, female sex, hours of television viewing, and sedentary activity). 29 
ethical approval
Each phase of the study was approved by the local ethics committee. In addition, at each phase a parent gave written informed consent for the participation of themselves and their child.
ReSUlTS
Of the 591 children whose parents consented to take part in Phase 4, 40 (6.8%) did not have a complete sleep diary, 20 (3.4%) failed to wear the actigraph for part or all of the night, and 12 (2.0%) had technical problems with the actigraph precluding use of the data. Thus, complete sleep data was available for 519 children (88%). The mean age of this group was 7.26 years (SD 0.19), with 262 girls (50%), and 212 SGA (41%). There were no statistical differences in gender, birth weight, gestation, or sociodemographic factors in those for whom activity data was available and those for whom it was not (results not shown).
Sleep duration
Sleep duration did not differ between children born SGA and AGA (10.1 vs. 10.0 respectively, P = 0.44). The mean time spent in bed on the actigraphy night according to parental report was 10.9 (SD 0.8) hours, with a range of 7.5 to 13 hours. The mean bedtime was 20:15 (SD 48 min) and rise time 07:07 (SD 38 min). As expected, parental report of time in bed was greater than actual sleep time, with mean sleep duration measured by actigraphy being 10.1 (SD 0.8) hours ( Figure 1) , on average 50 minutes less than time in bed (P <0.0001). However, sleep duration measured by actigraphy was significantly less for children whose parents who reported that their child sometimes or often got insufficient sleep (-16.1 min, 95% CI -2.4, -29.7, P = 0.02).
Bedtime after 21:00 was associated with a significantly shorter sleep duration (41.1 min, P <0.0001). The threshold of 21:00 was chosen because there is a 10-h period (average sleep duration) between that time and the average approximate rise time of 07:00.
Factors identified as determinants of sleep duration are shown in Table 1 . Those with younger siblings slept for 11.7 minutes longer than the rest of the group (P = 0.03), but there was no significant difference in relation to those with older siblings. Sleep duration was 26.9 minutes less on weekend nights (Friday and Saturday) than on school nights. This was explained by a later bedtime (mean 20:42 on weekends and 20:11 on weekdays, P <0.001) but only a slightly later rise time on weekends (07:17 on weekends and 07:08 on weekdays, P = 0.07). There was also a later sleep onset time by actigraphy (weekends 21:08, weekdays 20:43, P = 0.001), but sleep end time was not later on weekends (weekends 6:50, weekdays 6:47, P = 0.68).
There was a significant effect of season on sleep duration, with sleep duration in winter being on average 40.5 minutes longer, in autumn 31.1 minutes longer, and in spring 14.8 minutes longer than sleep in summer (P <0.0001). Usual daytime activity by parental report was not associated with sleep duration. An increase in total daytime activity (total daytime activity counts) measured by actigraphy during the same 24-h period as the night study was associated with a slightly shorter sleep duration The multivariable analysis showed an independent effect on sleep duration of younger siblings, weekend night, and season. The effect of total counts and mean counts when added separately to this multivariable model were similar to that in the univariate analyses (Table 1) .
consequences of Short Sleep duration
Results for analysis of associations of short sleep duration are presented in Table 2 . Children who slept <9 hours were more likely to be overweight or obese (P = 0.0064), and to have higher percent body fat (P = 0.03) than those who slept for more than nine hours. The univariate odds ratio for being overweight or obese was 3.92 (95% CI = 1.91, 8.06) for children who slept <9 hours. Children who slept <9 h spent more time in sedentary activity but not more in moderate or vigorous activity. These relationships held when season, weekday, and younger siblings were controlled for. Using a multivariable model that also adjusted for factors affecting percentage body fat (maternal BMI, maternal age, female sex, hours of television viewing, and sedentary activity), sleep duration <9 h continued to have a strong effect on the risk of overweight/obesity (adjusted OR = 3.32; 95% CI = 1.40, 7.87). Television viewing and sedentary activity continued to be independently associated with overweight/obesity.
There were no significant associations between sleep duration and IQ or sleep duration and behavioral problems, apart from a negative correlation between sleep duration and the parental Conners Rating Scale subscale for emotional lability (P = 0.03). Short sleep was not significantly associated with higher daytime sleepiness scores on the CSHQ (P = 0.35).
Systolic blood pressure was increased in the short sleep group (P = 0.02), but this effect disappeared after controlling for either current weight or BMI.
diScUSSion
Sleep duration
The mean sleep duration defined by actigraphy in this community cohort of 7-year-old children was 10.1 hours, which was 50 min shorter than the time in bed reported by their parents. Children who went to bed before 21:00 had longer sleep duration, owing simply to the hours available for sleep before the rise time (which was consistent regardless of week day). Children had shorter sleep duration on weekend nights and in the summer, whereas the presence of younger siblings was associated with longer sleep duration.
Time in bed by parental report in our cohort of New Zealand Caucasian children (mean 10.9 h) was very similar to that previously reported in English children. 1 In contrast, our cohort spent slightly more time in bed than recent studies of US 3 and Swiss children 2 (both mean 10.6 h, SD 0.7), and nearly two hours longer than Chinese children 3 (mean 9.1 h, SD 0.7), owing to both a later bedtime and earlier rise time in Chinese children. Our study demonstrates that time in bed reported by parents used in all these studies underestimates sleep duration measured objectively by actigraphy. Parental report is consistent with nighttime sleep by actigraphy in infants and toddlers, 27 but in older children who are usually not directly observed by their parents after bedtime, parental estimate of sleep duration is less likely to be accurate. This should be taken into account when making recommendations for bed time in this age group.
Bedtime is an important determinant of sleep duration in children. 30 Longer sleep in winter has previously been demonstrated in a study of Icelandic children. 31 That study also found longer sleep duration at weekends after the age of 9 years, 31 in contrast to our finding in 7-year-old children who actually slept less on weekend nights due to a later bedtime without a compensatory delay in rise time. Reduced sleep duration on weekend nights in middle childhood was also seen in a large community study of Short Sleep Duration in Middle Childhood-Nixon et al 5-to 11-year-old children in the United Kingdom, which found a reduction of a similar magnitude to our study in their subset of 7-year-old children. 1 Although the authors of that study do not point it out, children aged 5-7 years slept less on the weekend, those aged 8-10 years slept the same amount regardless of weekday, and those aged 11 years slept longer on the weekend. These studies are consistent, and together nicely demonstrate the effect of age on sleeping patterns as children move through middle childhood towards adolescence, when weekend sleep is substantially longer than weekday sleep, reflecting a later rise time. 32 Studies of the effect of daytime exercise on sleep duration have shown variable results. Duration of exercise had only a weak impact on total sleep time in one meta-analysis, unless the exercise was prolonged (>1 h). 33 Another study in adults using actigraphically quantified exercise found no within-subject correlations between physical activity and sleep duration. 34 In our study, children who slept less than nine hours (and therefore had more time out of bed) spent more time in sedentary activity without spending any more time in moderate or vigorous activity. However, the converse is also true-the short sleepers did not do less moderate or vigorous exercise than their peers either, despite presumably being more tired.
Our study includes detailed sociodemographic variables recorded from birth, and unlike previous studies, 35, 36 we did not find an influence of gender, socioeconomic status, maternal education, maternal stress, or maternal social support on sleep duration. However, our cohort is restricted to children of European descent, and participants at the 7-year follow-up were more likely to have high socioeconomic status than nonparticipants, thus restricting the range of social situations studied. We did not show a statistically significant effect of hours of television watching in our study, although the effect was in the same direction as other studies (Table 1) . 37 
consequences of Short Sleep duration
Several authors in Australia, 8 Japan, 9 Canada, 11 and the United Kingdom 10 have reported an association between parentreported short sleep duration and obesity. We have confirmed this association having measured sleep duration objectively by actigraphy. Several mechanisms may explain the association between short sleep duration and obesity: sleep restriction leads to metabolic derangement (decreased leptin, elevated ghrelin, increased appetite) 12 ; both obesity and sleep restriction are markers of related behaviors and/or parenting style 38, 39 ; daytime tiredness due to sleep restriction might reduce daytime activity, previously shown to have a weak effect on sleep quality 34 ; and/ or increased time awake may lead to increased caloric intake. 40 Our data show a strong effect of short sleep duration on risk of obesity even when levels of daytime activity are adjusted for; these data do not support the contention that decreased daytime activity in short sleepers is the principal mechanism behind the association. Furthermore, we showed that short sleep duration, television watching and sedentary activity are all independently associated with obesity. This is to our knowledge the first time that this has been reported.
Reduced sleep duration was associated with higher emotional lability scores in this study, as has been seen in other studies of sleep disturbance. 41 Reduced sleep duration was not associated with other daytime behavioral problems or decrements in IQ in this study. Sadeh et al. demonstrated detrimental effects on neurobehavioral functioning (in tests of vigilance and motor reaction) in children in an experimental paradigm that restricted nocturnal sleep by only one hour for three nights. 7 Several other groups have shown reduced attention, impaired school performance and hyperactivity in children with sleep disorders. 5, 42 Our study did not find such an association in a community group of children, suggesting that in the majority of otherwise healthy children in middle childhood, "natural" sleep duration (i.e., that achieved under normal circumstances in the home as distinct from controlled experimentally) is sufficient to avoid a measurable effect on behavior or intellectual performance.
Sleepiness in drivers has a well-recognized association with traffic crashes. 43 There is evidence that inadequate sleep duration 44 and sleep disturbances 45 increases the risk of non-intentional injury in children. It is postulated that short sleep duration and sleep disturbances lead to excessive daytime sleepiness, resulting in inattentive and externalizing behaviors, thus increasing injury risk behavior. 45 In this study we did not measure injuries. However, we did not find a relationship between short sleep duration and daytime sleepiness measured by the CSHQ, suggesting that these children are getting sufficient sleep. This is consistent with the findings of an earlier study using the same questionnaire that did not find an association between sleep duration and daytime sleepiness (both as measured by the CSHQ) in US children. 3 Frank sleepiness as perceived by parents is unusual in children with sleep disturbance caused by obstructive sleep apnea (OSA), 46 and it may thus not be surprising that sleep restriction does not lead to problematic daytime sleepiness.
We found an increase in systolic blood pressure in short sleepers, but this relationship did not hold after adjustment was made for body weight. In adults, the relationship holds but is weaker when adjusted for BMI. 47 One previous study in children showed lower blood pressure in children with short sleep duration, even after correction for BMI. 48 
Strengths and Weaknesses of the Study
The strengths of our study include a large dataset of children recruited from the community. We have both subjective and objective information about sleep at age 7 years, complemented by comprehensive data about potential influences on health outcomes from the time of birth. Because the wider study of which this report forms a part was designed to study daytime activity, a uniaxial (vertical) accelerometer was used. 49 Polysomnography (PSG) is the gold standard for sleep studies. However, it is expensive and subject burden is high, and thus it is not suitable for large epidemiological studies. Actigraphy correlates well with sleep duration as measured by PSG. 50 Sadeh's algorithm has been shown to slightly overestimate total sleep time, but only by 2%. 51 Instrument reliability and between-unit variability has been demonstrated to be excellent. 52 A limitation of the study is that the activity monitors were worn only for 24 hours. The duration of monitoring used in studies varies, but generally the longer the duration the more accurate the estimate. Current practice parameters for actigraphy recommend at least 3 consecutive days of recordings. 26 This is based on clinical use in individuals, however, aiming to minimize loss of data for technical reasons, and the impact of measuring for a single night only in a healthy community population has not been studied.
Recording from a single night does not allow us to assess intrasubject variability, but the focus of this study is on associations in the group as a whole. We have demonstrated that parental report of short sleep duration was confirmed by actigraphy, supporting the validity of our data. Despite this, associations with short sleep duration were found with a number of factors including sedentary activity and obesity.
Summary and conclusions
Knowledge of the influences on sleep habits of early school age children and the consequences of sleep restriction in this age group is important in relation to education programmes about healthy sleep for parents and children. Our findings suggest that sleep duration may be at least in part a modifiable risk factor for other poor health outcomes in childhood, including obesity.
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